Using Spitzer observations of classical Cepheids we have measured the true average distance modulus of the SMC to be 18.96 ± 0.01 stat ± 0.03 sys mag (corresponding to 62±0.3 kpc), which is 0.48±0.01 mag more distant than the LMC. This is in agreement with previous results from Cepheid observations, as well as with measurements from other indicators such as RR Lyrae stars and the tip of the red giant branch.
Introduction
The Small Magellanic Cloud (SMC) is a highly disrupted satellite of the Milky Way. It is estimated to be approximately 60 kpc from the Sun. Because of its proximity and its complex three-dimensional form, the precise distance to the SMC is ultimately entangled in the simultaneous determination of this galaxy's line-of-sight geometry. The irregular nature of this late-type dwarf galaxy brings into question what defines the "center" of such a system in any case. In their study of a selection of eclipsing binary systems in the SMC Graczyk et al. (2014) compiled the available literature values of the distance of the SMC. What they found was unsurprising -the distances had a large spread as the no two groups were legitimately measuring the same value. Even when using near-infrared observations of Cepheids where the effects of extinction and temperature are greatly reduced (e.g. Inno et al. 2013) , the true distance of the SMC is unclear. Perhaps the best that can be done is to map the 3D spatial distribution of any given population and let the question of some abstract "mean" distance remain moot.
In a seminal paper, entitled "Aspects of the Structure of the Small Magellanic Cloud", Florsch et al. (1981) made the first quantitative and largely convincing case for measurable differences in distance back-to-front, as well as across the line of sight, to the SMC. Magnitude differences in the supergiant population of stars over the face of the SMC indicated that the southern end of the bar was systematically more distant than the central and northern parts of the galaxy. Informed arguments were also made against the suggestion that these effects might be purely the result of varying amounts of extinction. Soon thereafter, Caldwell & Coulson (hereafter CC86 1986) and then Welch et al. (1987) also probed the geometry of the SMC, this time using Classical Cepheids whose period-luminosity relation can provide individually higher-precision distances than the general supergiant populations used by Florsch et al. The results however were qualitatively the same: the south-west side of the SMC was seen to be further away than main body or the northeast quadrant. CC86 dealt with reddening using multi-color (BVI) photometry; Welch et al. used infrared (JHK) photometry to minimize the effects of extinction. The total (peak-to-peak) effect quoted by CC86 amounted to 0.6 mag from side-to-side, and was in excess of 0.3 mag back-to-front at any given point in the main body of the SMC. Welch et al. found somewhat reduced, but still significant, depths and trends, with differences between the two investigations being ascribed to the smaller sample size in the CC86 study and their erroneous inclusion of some W Virginis (Pop II) stars in their Classical Cepheid (Pop I) analysis.
Most recently depth estimates of the Magellanic Clouds have come from Subramanian & Subramaniam (2009 and from Haschke et al. (2012) using Cepheids, RR Lyrae variables and Red Clump stars as observed by OGLE II (Udalski et al. 1998 ) and OGLE III (Soszyñski et al. 2010a) . The sample sizes and areal coverage are now quite impressive, as are the newly employed techniques for visualizing these new datasets.
In moving from the optical to the mid-infrared (mid-IR) the intrinsic dispersion in the Cepheid period-luminosity relation (the Leavitt Law; hereafter LL) monotonically decreases. Indeed, the intrinsic dispersion of the 3.6 µm LL, as determined for the LMC and Milky Way (MW), is ±0.10 mag Monson et al. 2012) . Scatter in excess of this will be attributed hereafter to geometry of the SMC.
The study presented here is being undertaken as part of the Carnegie Hubble Program (CHP); a full description of which is given in Freedman et al. (2011) . Briefly, the CHP aims to measure the local Hubble constant (H 0 ) to a systematic accuracy of 2% using mid-infrared data from the Warm Spitzer mission, and in the future, JWST. The SMC is important to the CHP effort as it is a low metallicity system which can be compared to the Milky Way and LMC in search of possible metallicity effects on the Cepheids. This will be discussed in Scowcroft et al. (2015) . Here we focus on the structure of the SMC as revealed by mid-infrared observations of its longest-period Cepheids.
Observations

Target Selection
The SMC has a large sample of well-studied Cepheids. For the present survey we selected 92 Harvard variable Cepheids spread over the SMC. These objects have all been extensively studied over the years; archival optical and/or near-IR data is available for all of them and the vast majority were measured by OGLE (Udalski et al. 1992 (Udalski et al. , 1997 Soszyñski et al. 2010b ). The chosen Cepheids are free from crowding and have periods greater than six days to match with the period distribution of the calibrating samples from the LMC and MW.
The spatial distribution of the selected Cepheids is given in Figure 1 . The main figure shows the body of the SMC. The inset shows a larger region covering 10 • × 5 • to display our full sample of Cepheids. Although some Cepheids are several degrees from the center they are confirmed members of the SMC.
Warm Spitzer Data
Ninety fundamental mode SMC type I (and two type II) Cepheids were observed with Spitzer between August 2010 and January 2012 (Program ID 70010, P.I. Madore). Each light curve has twelve epochs, each spaced by approximately P/12 days, where P is the Cepheid's pulsation period. This methodology is similar to the CHP LMC program (Scowcroft et al. 2011, hereafter S11) , but with twelve epochs as opposed the the LMC's twenty-four. We made the decision to reduce the number of observations for the SMC as we already know Cepheid light and color curves extremely well from the LMC and MW studies (Monson et al. 2012, hereafter M12) . By using equally spaced phase-points for these well defined systems we can obtain highly accurate mean magnitudes and colors without overburdening the Spitzer schedule. Details of how the phasing of observations affects the uncertainty of mean magnitudes are given in the appendix of S11.
The data were reduced identically to the LMC data in S11; the full details can be found in that paper. In summary, the photometry was performed using the Point Response Function (PRF) model provided by the Spitzer Science Center (SSC), using the mopex and apex software (Makovoz & Marleau 2005) . Our photometry is calibrated to the standard system set by Reach et al. (2005) .
The photometry of the individual data points is given in Table 1 1 An example IRAC light curve is shown in Figure 2 ; the full sample can be found in Figure 11 in the Appendix. The light curves were fit using GLOESS, a Gaussian local estimation algorithm which has been used throughout the CHP (e.g. see S11, M12). The mean-light mid-infrared magnitudes are shown in Table 2 .
Also shown in Figure 2 is the [3.6]−[4.5] color curve. The change in color through the Cepheid's pulsation cycle is induced by the change in opacity due to dissociation and recombination of CO in the Cepheid's atmosphere. There is evidence that the MW (M12), LMC (S11) and SMC have distinct period-color relations in the mid-infrared. We will explore this in Scowcroft et al. (2015) where we compare the mid-IR properties of the Cepheids in the three galaxies. It is important to note that this effect does not have an effect on the analysis presented in this paper. The effect is confined to the 4.5 µm band, which we do not use for distance measurements in this paper.
Archival Data
In addition to the mid-IR data from Spitzer, archival data for the Cepheids at all wavelengths from U to K were compiled from the literature; the sources are listed in Table 3 . The archival data span several decades, long enough for the period of a Cepheid to change by a noticeable amount. To take this into account the data were phased using the period at the time of the observations. The light curves for all bands were fit using GLOESS. Table 4 give the Leavitt laws (LL) for the 10 bands from U to [4.5] . The LLs take the form
Results
Figure 3 and
where m i is the apparent magnitude of the Cepheid in band i. For the nine longest wavelengths the relations were fit by fixing the slopes to the literature values for LMC Cepheids -Fouqué et al. (2007) for B to I, Persson et al. (2004) for J to K, and Monson et al. (2012) for the mid-IR 2 . The zero-points of the relations were derived using unweighted least squares fits. For the U band there is no published relation, so the slope and zero-point were both fit.
The decision to use the LMC LLs as fiducial was made in Monson et al. (2012) , where we compared the slopes of the LMC and MW midIR PL relations and found them to be the same. We 1 The full data set is available with the online version of the paper.
2 The optical and near-IR LLs were transformed to use ai(log P − 1.0) instead of ai log P to be consistent with the mid-IR fits. therefore came to the conclusion that the entirety of the CHP project we would adopt the LMC derived relations. The LMC was chosen as it was derived from more Cepheids, hence has an smaller uncertainty.
It is possible that the slight changes in slope between the LMC and SMC LL that are sometimes reported (for example, see table 4 of Bono et al. 2010 ) are due to the increased dispersion in the SMC PL from distance effects. This would be exacerbated at shorter wavelengths where the effect of extinction is larger and is harder to disentangle from the structural properties of the galaxy.
The distance modulus from each band was derived using the same literature fits and assuming an LMC distance modulus of 18.48 ± 0.01 mag Monson et al. 2012) . The fit parameters and distance moduli are shown in Table 4 . There is no U band distance modulus as there was no canonical relation with which to compare our fit. We have included our relation for completeness.
The increasing slope and decreasing dispersion of the relation as a function of wavelength can clearly be seen, confirming our expectations regarding LLs in the mid-IR. This was our motivation for moving to the mid-infrared -at 3.6 µm the dispersion in the LL is so low that we can obtain distance moduli for individual Cepheids accurate to 0.10 mag, or 4.7% in distance. However, as Table 4 shows, the [3.6] LL has a dispersion of 0.16 mag, as opposed to the 0.10 mag dispersion seen in the LMC (S11). This is due to the spread in distances of SMC Cepheids, as discussed in Section 4.2.
The nine bands for which distance moduli are available can be combined to produce an estimate of the mean E(B − V ) and mean reddening-corrected distance modulus of the galaxy. We assume the ratio of total to selective absorption, R V = 3.1, and fit three reddening laws simultaneously to the data presented in Table 4 . For the optical and near-infrared bands we use the appropriate relations from Cardelli et al. (1989) and for the mid-infrared we use the relation from Indebetouw et al. (2005) . The relations are fit by minimizing the dispersion of the distance moduli around the values predicted by the reddening law. The resulting fit is shown in Figure 4 .
As can be seen in Figure 4 , the R and [4.5] band data points lie furthest from the reddening prediction. The deviation of the 4.5 µm point is expected; temperature changes through the Cepheid's pulsation cycle cause CO in the Cepheid's atmosphere to dissociate and recombine, which changes the opacity at 4.5 µm. This has been noted in our previous works (S11, M12, Scowcroft et al. 2013) . We believe that the magnitude and direction of this effect (∆µ CO ) is dependent on metallicity, and will discuss this in Scowcroft et al. (2015) .
The R band distance modulus also lies far from the prediction. The R band has the least archival data available with 44 Cepheids compared to the full sample of 90 stars. We tested whether this could be the cause of the discrepant distance modulus by fitting each LL zero-point in the same manner as before, but this time only using the 44 stars that have R band data. The results are given in Table 5 . The R band sample does not uniformly sample the Cepheid instability strip and is slightly biased towards the bright edge inducing a bias of 0.04 ± 0.02 mag towards lower distance moduli when the smaller sample is used. This is demonstrated in Figure 5 .
We decided to remove the R and [4.5] bands from the fit in our final result. Our estimate for the mean reddening-corrected distance modulus of the SMC is µ 0 = 18.96 ± 0.01 mag, with a color excess E(B − V ) = 0.071 ± 0.004 mag, assuming an LMC distance modulus of 18.48 mag.
Discussion
Mean Distance of the SMC
As we discussed in our previous work on IC 1613 (Scowcroft et al. 2013 ), comparing distance measurements from different techniques can prove problematic. Both systematic and statistical uncertainties in both the relative distance measurements (e.g. to the LMC) and their assumed zeropoints contribute to the total uncertainty in the actual (physical) distance to the SMC. Differential measurements, on the other hand, can clearly be more easily compared with the results of others.
The mean reddening-corrected distance modulus derived in the previous section (µ 0 = 18.96 ± 0.01 mag) assumes an LMC distance modulus of 18.48 ± 0.01 stat ± 0.03 stat mag. The differential distance modulus is ∆µ = µ SM C − µ LM C = 0.48 ± 0.01 mag. Graczyk et al. (2014) compares their eclipsing binary differential distance measurement with several other techniques. The expectation value of the gaussian mixture distribution of these results is 0.47 ± 0.02 mag, which agrees with our result of 0.48 ± 0.01 mag.
Structure of the SMC
When considering the distance to the SMC as defined by a given tracer population, it is not only the average distance, but also its dispersion, that bears study. The SMC is known to have a large line-of-sight depth; Subramanian & Subramaniam (2012) found that the SMC is elongated from the NE -SW, and has a tidal radius of 7 -12 kpc. Most recently, Nidever et al. (2013) examined SMC red clump stars in several regions and found line-of-sight depths of 23 kpc in the eastern regions.
The major advantage of studying Cepheids in the mid-infrared is that we are in a wavelength regime where the width of the instability strip is intrinsically small. This translates directly into the small width of the mid-IR LL. In our work on the MW and LMC we demonstrated that the intrinsic width of the 3.6 µm LL is 0.10 mag. We purposely designed our SMC observations to achieve mean magnitudes with equally small photometric uncertainties so that any additional dispersion we observe in the LL would be due entirely to depth effects. The dispersion we see in the SMC 3.6 µm LL is 0.16 mag, thus we conclude that the depth effects are producing a scatter of ±0.125 mag. This would correspond to an additional 3.5 kpc.
In Figure 6 we break down the three-dimensional structure of the SMC as traced by the Cepheids. The distances were calculated for each individual Cepheid using the LMC 3.6 µm LL. The individual Cepheids were dereddened as described later in this section. To properly examine the three-dimensional structure, we first transform the coordinate system from α, δ, µ to the cartesian system x 0 , y 0 , z 0 described in the appendix of Weinberg & Nikolaev (2001) . The center of the SMC is defined as α 0 = 00 h 52 m 44.8 s , δ 0 = −72 • 49 m 43 s3 , R SM C = 61.94 kpc.
The three cartesian plots show the SMC split into the x 0 , y 0 and z 0 components. The axes are to scale, such that the galaxy truly is almost 5 times more extended in the z 0 direction than the x 0 and y 0 directions. The central plot shows the positions and distances of the Cepheids as seen on-sky. In each panel the Cepheids are color-coded according to distance. From this figure we can see that there is a significant line-of-sight elongation along the E-W axis, with the E region being ∼ 20 kpc closer than the W region.
Although we are in the low-extinction mid-IR region, it is imperative that we confirm the spread in distance is not due to differential reddening. The A V values for each star were calculated in the same way as in Figure 4 , this time fitting every star individually and only using OGLE V and I plus Spitzer 3.6 µm observations. This ensures that the individual reddenings are on a consistent scale.
The reddening fits to each star are shown in Figure 7 . In this Figure we also show the dispersion that the intrinsic width of the Cepheid instability strip (IS) will cause at different wavelengths. As is expected, the dispersion of the IS increases with decreasing wavelength (increasing 1λ). When Cepheids are considered individually rather than as an ensemble population we must also consider the effect that the with of the IS will have on the Cepheid's magnitude. When we derive the reddening of a population in this manner the IS effects are averaged over, but for individual stars where the reddening is comparable to the dispersion induced by the IS width we can only derive a pseudo-reddening.
If the large range of measured distance moduli in the SMC were due to reddening then we would see an extreme range of extinctions in Figure 7 . However, at 1/λ = 0.0, where extinction is minimized we see a large range of distance moduli -larger than can be explained by the width of the IS. If the width of the IS were the explanation then 87 of the 90 Cepheids (97% of the sample) would lie within the blue shaded region at 1/λ = 0.0. Over twice the expected number lie outside the shaded region. This shows that neither the IS width nor large reddenings of individual stars can explain the large range of derived Cepheid distances.
In Figure 8 we show A V for the Cepheids as a function of position. The color-coding represents A V ; the contours show the IRAS 100 µm image of the galaxy, corresponding to cool dust 4 . The A V values range between 0.1 and 0.8 mag, with the highest extinction regions lining up with the highest density of cool dust. However, these levels of extinction cannot explain the large spread in derived distances of the Cepheids. An A V of 0.8 corresponds to an A 3.6 of 0.07. It is possible that derived distances of the most extincted Cepheids in the SMC are slightly affected by extinction, but this effect is not sufficient to explain the full range. To account for the full 20 kpc range an A V of over 10 mag is required.
In Figure 9 we explore the structure of the whole Magellanic Clouds system as seen through Cepheids. Figure 9a is an interactive 3D model of the Clouds 5 ; Figure 9b shows the 2D on-sky projection. The color-coding shows the distances of each Cepheid as derived from the LMC LL. The contours in Fig. 9b show the approximate outlines of the galaxies.
In the initial view of Fig. 9a we show the RA (red axis) and Dec (blue axis) projection of the Cepheids in the LMC and SMC. Changing the view to RA and Distance (green axis) shows that the Cepheids in the SMC are being pulled towards the LMC, and that the closest SMC Cepheids are in fact at the same distance as the furthest LMC Cepheids. This is again made clear in the Dec -Distance view, where the two samples become almost indistinguishable. By rotating the axes you can see that the SMC is extremely elongated compared to the LMC, and is clearly trailing off towards its neighbor.
The closest of the SMC Cepheids appear to be trailing off towards the Magellanic Bridge, connecting the LMC and SMC, suggesting that the elongated shape of the young population may be evidence of interaction between the Clouds.
Unlike previous works (for example, Stanimirović et al. (2004) , Subramanian & Subramaniam (2012) , Haschke et al. (2012) ) we do not believe that the standard parameters of the position angle and inclination angle of a plane are appropriate to describe this galaxy. As can be seen in Figure 9 and 9a, the SMC is clearly a very disturbed galaxy and is not well described by a plane. In this case, the structure traced by the Cepheids trace a cylindrical shape, which we are viewing from one end. Previous measurements of the inclination and position angles of the SMC have showed significant spread, and have been highly dependent on which tracer is being used. van der Marel et al. (2009) makes the point that differences may also be arising in these results due to the differing spatial coverage of the tracers employed in the calculations. We believe that a detailed study of the SMC utilizing high precision distance measurements of Cepheids and RR Lyrae over the whole galaxy will help lay some of these issues to rest.
Comparison with other recent structural studies
Recently, Haschke et al. (2012) have studied the structure of the SMC using Cepheids and RR Lyrae in the optical bands. They performed a similar analysis to the one presented here, measuring the distances to the individual stars from the Cepheid LL and the RR Lyrae metallicity-luminosity relation. Their results for the geometry of the Cepheid population are very similar to the structure found here. They find that the majority of Cepheids have distances between 55 and 75 kpc and that the sample is distributed such that the more distant Cepheids lie in the south-western region. Interestingly, they do not see the same distribution for the old stellar population, i.e. the RR Lyrae stars, which are much more uniformly distributed. Subramanian & Subramaniam (2012) also performed a detailed analysis of the SMC structure using RR Lyrae and red clump (RC) stars. They found that these stars form a uniform spheroid with a line-of-sight depth of 14 kpc. They suggest that the distribution could be explained by the SMC experiencing a merger with another dwarf galaxy around 4-5 Gyr ago which took around 2-3 Gyr to complete. This resulted in a population of stars over 2 Gyr old forming the spheroidal structure.
Although we do not study the old population in this work, our results do add weight to this theory. The star formation event triggered by the merger produced the shape seen in the old population. The young population would have been triggered by a different mechanism, resulting in the less spheroidal, more elongated volume. The extended shape of the SMC is predicted by theoretical models of the interactions of the Magellanic Clouds. In Section 4.2.2, we compare our observations with such works.
Comparision with theoretical models
In this section we consider how our observations match up with recent theoretical works. This will provide insight into the mechanism that produced the SMC "wing" -the region of the SMC that is being drawn off towards the LMC.
In Figure 10 we compare the Cepheid positions with the SMC-spheroid model from Diaz & Bekki (2012) . The contours represent the density of points in the simulation and the colored circles represent the SMC Cepheids. Although we did not cover as large an area with the CHP observations, it is clear that the Cepheids follow the distance gradient found in the simulation with the most distant Cepheids appearing in the most westerly regions. The distance gradient is a feature that is readily reproduced in Magellanic Cloud simulations.
To better understand the formation mechanism of the Magellanic Bridge and the SMC wing we look to Besla et al. (2012) . In this paper they consider two models of the Magellanic Cloud system: Model 1 where the clouds pass close to each other, and Model 2 where the SMC collides directly with the LMC and passes through it. In both cases the Clouds are on their first passing of the Milky Way. We compare our results to their Model 2 (henceforth known as the collision model) as it reproduces the column density of the Magellanic Bridge well, while Model 1 does not. It also reproduces the LMC's observed offset bar and one-armed spiral structure.
One feature of the collision model that we would expect to see is tails of stellar material pulled out from each galaxy, left behind after the interaction. We see precisely this evidence in the interactive version of Figure 9 . By rotating the figure it becomes clear that the regions of each galaxy that are closest to each other on the sky are also closest in distance. This is made clearest by changing to the Dec-Distance projection where the two galaxies become indistinguishable. The observations show that it is not just the SMC that has a wing; the LMC has a tail of material that leads off towards the SMC.
The collision model also predicts star formation along the Magellanic Bridge. Young stars (which are too young to have migrated from the SMC) have been observed in the Bridge, adding weight to this theory (Demers & Battinelli 1998) . We intend to test this further by looking for Cepheids in the Bridge. This will not only help confirm the collision hypothesis but will also give us precise distances to points along the Bridge to help constrain the past trajectories of the galaxies.
The present models (Besla et al., Diaz & Bekki and others) cannot precisely reproduce all of the features of the Magellanic system. For instance, the collision model results in the Clouds being separated by 10 kpc which is much closer than the ∼20 kpc we observe. This has implications for the timing of the proposed collision, which can be tested by searching for the oldest stars in the Magellanic Bridge. Harris (2007) found stars as old as 300 Myr in the Bridge; assuming these formed in situ this places an upper limit on the time of collision. Most recently, Skowron et al. (2014) made the first detections of Cepheids in the Magellanic Bridge, as part of OGLE IV. They found four short period classical Cepheids in the bridge, with tentative ages of 100-250 Myr. This is consistent with an interaction of the Magellanic Clouds in approximately the last 200 Myr.
We have now reached a stage where we can measure precise distances to Cepheids on a starby-star basis and use these exquisite three-dimensional maps to inform the simulations. Cepheids are no longer just to be used as aggregate distance indicators; they can be used to delve deep into the structure of galaxies and help us understand their dynamical histories.
Conclusions
Using Spitzer observations of classical Cepheids we have measured the SMC's average distance modulus to be 18.96 ± 0.01 mag, 0.48 ± 0.01 mag greater than the LMC. This is in agreement with previous results from Cepheid observations, as well as with measurements from other indicators such as RR Lyrae stars and the tip of the red giant branch.
Using the mid-infrared has enabled us to derive some of the most precise distances to date to Cepheids within the SMC. Utilizing the small dispersion in the mid-IR Leavitt Law, we have examined the three-dimensional structure of the young stars in the Magellanic Clouds, confirming that the Cepheid distribution does not just have a large line-of-sight depth, but is elongated from the north-east to the south-west, such that the south-western side is up to 20 kpc more distant than the north-east. This is consistent with previous observational work, such as the studies by Haschke et al. (2012) and Subramanian & Subramaniam (2012) .
We also compare our work to the dynamical simulations of Besla et al. (2012) . The elongation of the young Cepheid population, compared to the spheroidal shape of the old population seen by Haschke et al. (2012) and Subramanian & Subramaniam (2012) adds weight to the theory that the LMC and SMC underwent a direct collision in the recent past which triggered star formation in both galaxies and the Magellanic Bridge.
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